In present study, abnormally coarsened grains in high purity aluminum foils with cube texture (f100gh001i) after a final annealing was investigated using SEM/EBSP method. Most of abnormally coarsened grains had Goss (f110gh001i) or S (f123gh634i) orientations. The coarsened grains with Goss and S-orientations were surrounded by AE5 and AE7 coincidence boundaries, respectively. This result clarified that these coincidence boundaries would enhance the abnormal grain growth of Goss and S oriented grains. Grain boundary energy of sub-boundaries between cube-oriented grains provided the driving force for the abnormal grain growth. The distribution of Goss oriented grains in the partially annealed foils was characterized by SEM/EBSP method. This characterization revealed that many Goss-oriented grains were distributed in the transition band on the central layer of the sheets.
Introduction
It has been generally known that cube texture (f100gh001i) is a main component of recrystallized texture 1) in pure aluminum and its alloys, which is closely related to forming or etching property. Several thermo-mechanical processes have been developed for the control of cube texture in commercially pure aluminum and its alloys. A thermomechanical process through a cold rolling, a partial annealing (the annealing temperature is 240-260 C), an additional rolling (the reduction in thickness is approximately 20%) and a final annealing has been developed for the formation of sharp cube texture in a high purity aluminum and an Al-Mn-Mg alloy, 2) which are referred to as Pechiney process. 3) This process is the production process for aluminum foils for electrolytic capacitors.
The mechanism of preferential growth of cube-oriented grains (cube grains) by the Pechiney process has been investigated using SEM/EBSP method. 4, 5) The previous investigations have clarified that the difference of accumulated strains between cube grains and off-cube grains induced by an additional rolling could provide the driving force for the preferential growth of cube grains during the final annealing. This mechanism is expected to have come from the property that cube grains have less accumulated strains than off-cube grains. 6) Hence Controlling the formation of substructure accelerated the preferential growth of cube grains and inhibited growth of off-cube grains, leading to the production of higher volume fraction of cube texture more than 95%. 7) However, in some cases, off-cube grains abnormally grow to over 10 cm in grain size in high purity aluminum sheets through the Pechiney process, and bring about decline of a volume fraction of cube texture. Most of recent studies [8] [9] [10] [11] [12] [13] [14] are concerned to the preferential growth of cube grains, so that there are few studies on the character of residual off-cube grains in aluminum sheets with cube texture. Accordingly, establishing the mechanism of the formation and growth of off-cube grains in aluminum sheets with cube texture is important for not only the development of processes for control of cube texture but also understanding the fundamental mechanism of cube texture development in aluminum and its alloy.
In the present study, off-cube grains in high purity aluminum foils with cube texture were analyzed by SEM/ EBSP method. From the results, the mechanism of abnormal growth of off-cube grains is discussed focusing an attention to mobility and driving force of grain boundary migration between cube grains and off-cube grains. A distribution of orientation in aluminum foils before the final annealing was characterized by SEM/EBSP method. Comparing the distribution of off-cube grains in the foils before and after the final annealing, we discuss the mechanism of the formation of off-cube grains during the thermo-mechanical process.
Experimental

Samples
Aluminum foils of 99.9% purity, which were trial products by SHOWADENKO K. K., were used for samples in the present study. The aluminum foils contained 17 ppm Fe, 23 ppm Si and 39 ppm Cu. Hot rolled plates, 10 mm in thickness, were cold rolled to about 230 mm, then were annealed at 240 or 250 C for 6 h in air. These sheets were denoted as partial annealed foils. The partial annealed foils were cold rolled to 184 mm in thickness. The foils were denoted as additionally rolled foils. The additionally rolled foils partially annealed at 240 C were annealed at 540 C for 24 h. These foils were denoted as finally annealed foils. Figure 1 shows the production process of samples.
Measurement of SEM/EBSP method
A partially annealed foil was cut into 5 Â 10 mm 2 for the measurement by SEM/EBSP method. A surface of the foil was electropolished to prepare sample for a observation of ND plane. A surface for a observation of TD plane was mechanically polished then electropolished. The electropolishing was performed at 2 C with DC Voltage of 20 V and a mixture of perchloric acid, ethylene glycol and ethyl alcohol of 1:2:7 in volume ratio. A finally annealed foil was etched using the aqua regia mixed by hydrochloric acid and nitric acid of 3:1 in volume ratio in order to recognize off-cube grains in the sheets with cube texture. The etched sheets were cut and electropolished for the measurement by SEM/EBSP method.
The measurement of orientation by SEM/EBSP method was carried out using SEM (JEOL JSM-5310), equipped with TSL OIM (Orientation Imaging Microscopy) system. The accel voltage was 25 kV and the scanning step were 1-5 mm.
The measurements of each sample were carried out more than three times. Using the measured data, a distribution of orientations and the grain boundary character were analyzed by TSL software (OIM Analysis). Figure 2 shows an optical image of a final annealed foil etched by the aqua regia. This figure shows that off-cube grains abnormally grow, leading to decline of cube texture in volume fraction. In the figure, dark indicates to regions with h100i == ND. On the other hands, bright indicates to regions without h100i == ND, which prove off-cube grains. It is recognized that the foil had exceedingly large regions with off-cube orientations. And there are many off-cube grains whose size is 100-500 mm in cube texture of the foil, as shown by a circle in Fig. 2 . Figure 3 shows an OIM image and the pole figures of offcube grains in the final annealed foils. In Fig. 3 (a), gray colored area indicates cube grains whose misorientation angle from ideal cube orientation (f100gh001i) is less than 15
Results and Discussion
Crystallographic characteristics of off-cube grains
Aluminum of 99.9% purity
Impurity Fe: 17ppm ,Si: 23ppm, Cu: 39ppm
Hot roll to a thickness of 10mm
Cold roll to a thickness of 230 µm
Partially anneal at 240°C or 250°C for 6 hrs
Additionally (cold) roll to 20% reduction in thickness (230 184 µm)
Finally Anneal at 540°C for 24hrs
Partially Annealed Foil Sheets degrees, which is defined as cube grains in the present study. The area with cube orientation is subdivided by low-angle boundaries to 260 mm in mean diameter. Off-cube grains are surrounded with high angle boundaries. Many off-cube grains have Copper orientation (f112gh111i) or S orientation (f123gh634i) corresponding to -fiber components, 15) which is a typical rolling texture in aluminum, are shown in Figs. 3(b) and (c). Some off-cube grains did not belong tofiber components, as shown in Fig. 3(d) , but are comparatively close to Copper orientation or S orientation. Figure 3 (e) shows that a small number of off-cube grains are Goss orientation (f110gh001i). These results indicate that most off-cube grains 100-500 mm in size, which remain in finally annealed foils, are typical rolling texture components. Figure 4 shows optical micrographs and orientation distribution maps of the finally annealed foils, in which observed off-cube grains coarsen to over 10 mm. Each orientation of off-cube grains is denoted in Figs. 4(b) and (d). These figures shows that many coarsened off-cube grains had Goss and S orientation in the finally annealed foils. This result is apparently different to that of off-cube grains with size of 100-500 mm. Figure 5 shows the frequency of the number of off-cube grains in the final annealed foils. The off-cube grains are classified in accordance with grain size d. In the present study, a tolerance of misorientation angle from the ideal orientations is defined as 15 degrees for the determination of Brass, Copper and Goss orientation, and 5 degrees for S orientation, respectively. Figure 5 indicates that 40% of offcube grains with size of 100-500 mm belong to -fiber components such as Copper and S orientation. While 50% of that can be classified to other orientations. After precise analysis, these grains are close to Copper and S orientation, as shown in Fig. 3(d) . On the contrary, more than 70% of offcube grains with size of over 10 mm had Goss or S orientation. These results provide an clear evidence that the abnormal grain growth preferentially occurs in Goss-oriented grains and S-oriented grains during the final annealing.
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Grain boundary character and driving force for
abnormal grain growth It has been generally accepted that a rate-controlling process of grain growth is a grain boundary migration. The velocity of grain boundary migration, v, can be given by the following equation. 16) v
Here M and P represent mobility and driving force for the grain boundary migration, respectively. The mobility is affected by the impurity 17) and grain boundary character. 18, 19) It is expected that the stored energy caused by accumulated dislocations, grain boundary energy or surface energy can provide the driving force. Accordingly, the driving force for the abnormal grain growth and grain boundary character are discussed for investigation of the mechanism of abnormal growth of Goss and S-oriented grains, as are described in the follow section. a 111 pole figure of region (4) in Fig. 4(d) , respectively. In Figs. 6(a) and (c), thin lines correspond to misorientation of 1-15 degrees and thick lines to over 15 degrees, respectively. The cube grains are composed of sub-grains with size of 100-500 mm and low angle boundaries with the average misorientation of 8 degrees, as shown in Figs. 4(b) and (d). The large region with Goss or S orientation consisted of a single grain. Preliminary experiments revealed that the coarsened grains were not observed in foils finally annealed for as short as 60 s. Thus these experiments support the understanding that the abnormal grain growth dose not occur at stage of primary recrystallization. It is therefore concluded that a Goss or S-oriented grain abnormally grew consuming the cube grains during the final annealing. Fig. 6(b) . The orientation relationship is close to AE5 coincide relationship. Most of these grain boundaries fulfill the Brandon criterion 20) that defined a tolerance of coincidence boundaries. And the grain boundaries of a coarsened S-oriented grain have a misorientation of 40 degrees with a h111i axis, which corresponded to AE7 coincidence boundary, as shown in Fig. 6(d) . It is found that grain boundaries of coarsened off-cube grains had the special orientation relationship with low AE values. Many experimental results have shown that there was a large dependence of mobility on misorientation. 17, 21, 23) There were considerable evidences 22, 23) that the minimum activation energy which occurs close to misorientations of 37 and 38 degrees on h100i and h111i axis respectively, was consistent with the maximum mobility in pure f.c.c. metals. It is therefore concluded that the abnormal grain growth during the final annealing could preferentially occur in only Goss and S-oriented grains with grain boundary of the special orientation relationship with cube grains.
Particularly, Fig. 4(a) indicates that Goss-oriented grains have been preferentially growing to RD rather than TD. The boundaries can be therefore classified to twist boundaries (1) and tilt boundaries (2) in Fig. 4(a) . Figure 7 shows schematic illustrations of a twist boundary (a) and a tilt boundary (b). From Fig. 7 , the grain boundary planes of the tilt boundary correspond to ð010Þ Cube == ð110Þ Goss in cube grains and a Goss-oriented grain. On the other hand, that of the twist boundary correspond to ð001Þ Cube == ð001Þ Goss in cube grains and a Goss-oriented grain. Fig. 4(a) clearly shows that the twist boundaries preferentially migrated rather than the tilt boundaries in AE5 coincidence boundaries of Goss-oriented grains. Since grain boundary dislocations play a significant role of the grain boundary migration, 24, 25) this preferential migration can be explained by a element of the grain boundary dislocations. The motion of screw dislocations in twist boundaries is not necessarily for the climb by diffusion and associated steps in grain boundaries. And it has been generally accepted that the hydrostatic pressure which comes form edge dislocations would bring out a interaction between the edge dislocations and segregated atoms. 26) Hence, the impurity segregated in grain boundaries suppresses the motion of edge dislocations. These facts suggest that screw dislocations could move more easily than edge dislocations. Thus the anisotropy of abnormal grain growth shows that the mobility of each dislocation affects the velocity of grain boundary migration. It is therefore concluded that the behavior of the abnormal grain growth was affected not only by the AE value but also by the grain boundary plane.
It is predicted that there are not the accumulated strains in cube or off-cube grains which play a role of the driving force for the primary recrystallization, because the final annealing for long time is necessary for the occurrence of abnormal grain growth. The prediction is supported by the result that there were low misorientation in recrystallized grains in final annealed foils, as was shown in Figs. 3 and 6. These prediction can lead to a prospect that the diving force at final annealing is a energy of sub-boundaries between cube grains or a difference of surface energies. Table 1 shows the surface energy of each plane in pure aluminum reported. 27, 28) These previous studies revealed that a {011} surface plane has slightly higher energy than a {001} surface plane, which indicates that the surface energy cannot play a role in the driving force for abnormal grain growth. Whereas, focusing an attention on triple junctions composed of coincidence boundaries and sub-boundaries, coincidence boundaries are curved and the sub-boundaries between cube grains are shrinking, as shown in Figs. 6(a) and (c). These morphologies can explain that the energy of sub-boundaries between cube grains promotes the migration of coincidence boundaries surrounding Goss and S-oriented grains. Consequently, it is assumed that a energy of sub-boundaries between cube grains provided for the driving force of the abnormal grain growth.
It has been generally accepted that the stored energy due to accumulated strains is about 10 3 times as large as grain boundary energy. 29) Thus we propose an understanding that the grain growth driven by large force such as the stored energy was little affected by the mobility of grain boundary, while that by small force due to grain boundary energy 4, 5, 14) From above-mentioned results, we draw a conclusion that the abnormal grain growth during the final annealing is caused by the selective growth, among various off-cube grains, of Goss and S-oriented grains, which have coincidence boundaries with high mobility, driven by the energy of sub-boundaries between cube grains which predominantly existed in stage of final annealing.
Relationship between the formation of off-cube
grains and deformation microstructure In the previous section, it has been described that most of abnormally coarsened grains had Goss and S orientations. S-orientation is one component of deformation texture caused by a heavily cold rolling (-fiber). Hence S-oriented grains can be thought to form within the deformed or recovery microstructure and then remain in cube texture during the final annealing. But Goss-oriented grain is not a main component of rolled texture and has been scarcely observed in cold rolled foils. 4, 14) Therefore it can be expected that the formation mechanism of Goss-oriented grains is different from that of S-oriented grains. For the investigation of formation mechanism of Goss-oriented grains during the thermo-mechanical process, microstructure in the partial annealed foils was characterized by SEM/EBSP method. Figure 8 shows OIM images for the orientation and Goss orientations on the transverse section in the partial annealed foils. Figure 8(a) is colored according to the unit triangle, which corresponds to the inverse pole figure of ND. Gossoriented grains indicated the gray regions in Fig. 8(b) . It is recognized that both morphology and size of microstructure changed depending on a thickness of the partially annealed foils. It could be expected that relatively inhomogeneous microstructure, which was formed by the cold rolling, have recovered or partially coarsened during the partial annealing. There were some relatively coarsened banded structures in the center layer of the partial annealed foils. This banded structure inclined approximately AE40 degrees to the rolling plane. Many Goss-oriented regions were observed in this banded structure. This banded structure is assumed to be the transition band in the deformation microstructure. The transition band is characterized by the orientation gradient bridging some texture components, 30) since a microscopic inhomogeneity occurs in the transition band instead of evolution of deformation band parallel to RD. Thus the distribution of accumulated strains was inhomogeneous in the transition band. That lead to the prediction that fine grains in the transition band grew faster than those in other regions. These results suggest that Goss-oriented grains locally generate by inhomogeneous deformation during the cold rolling. Hjelen et al. 30) also have observed the preferential growth of Goss-oriented grains in the transition band in aluminum sheets of 99.99% purity rolled to the reduction of 90-95%. This previous work supports the results in this study. It is accordingly proposed that Goss-oriented regions locally generated in the transition band in contrast to Soriented grains. Accordingly, these results suggested that the formation of Goss-oriented grains could be suppressed by the development of the suitable cold rolling condition for the minimization of inhomogeneous deformation microstructure.
Conclusion
In order to clarify the mechanism of abnormal grain growth of off-cube grains in aluminum foils with cube texture by performing the Pechiney process, the distribution of orientation and grain boundary character was analyzed by SEM/EBSP method. The results are summarized as follows.
(1) Most of coarsened grains in the final annealed foils had Goss and S orientations and were surrounded by AE5 and AE7 coincidence boundaries, respectively. It was clarified that the migration of the coincidence boundaries with low AE value enhanced the abnormal grain growth during the final annealing. The driving force for the abnormal grain growth is expected to be the energy of sub-boundaries between cube grains. (2) Goss-oriented grains which were expected to grow abnormally, were distributed in the transition band in the central layer of the partial annealed foils.
